Introduction {#Sec1}
============

Neuromyelitis optica spectrum disorder (NMOSD), formerly referred to as NMO or Devic's disease, is an astrocyte-specific central nervous system (CNS) disorder characterized by relapsing optic neuritis and longitudinally extensive transverse myelitis which is a secondary phenomenon \[[@CR1]--[@CR5]\]. Astrocyte damage is much more striking than myelin and neuron damage in NMOSD compared with multiple sclerosis, and autoimmune astrocytopathy is the primary pathology of NMOSD \[[@CR5]\]. Approximately 70--90% of NMOSD patients are seropositive for disease-specific autoantibodies targeting the water channel protein aquaporin-4 (AQP4) \[[@CR6]--[@CR8]\], and AQP4 is mainly localized to astrocytic end-feet that are adjacent to microvessels at the blood-brain barrier (BBB) throughout the CNS \[[@CR9], [@CR10]\]. The presence of AQP4-immunoglobulin G (AQP4-IgG) is a serological or laboratory hallmark of NMOSD that is used to distinguish NMOSD from relapsing-remitting multiple sclerosis (RRMS) \[[@CR11]\].

There is growing evidence that NMO-IgG/AQP4-IgG is pathogenic in NMOSD \[[@CR3], [@CR12]--[@CR15]\] by a mechanism involving complement-dependent cytotoxicity (CDC) \[[@CR16], [@CR17]\] and antibody-dependent cell-mediated cytotoxicity (ADCC) \[[@CR18], [@CR19]\], which lead to astrocyte damage and an inflammatory response, causing oligodendrocyte injury, demyelination, and neurological deficits. Neutrophils play an important role in the formation of NMOSD lesions \[[@CR20], [@CR21]\]. The severity of NMOSD lesions is increased in mice with neutrophilia and reduced in mice with neutropenia \[[@CR21]\]. The pathogenetic implication of neutrophils in NMOSD was demonstrated in a previous report of a patient whose first NMOSD episode was worsened by inadvertent administration of granulocyte-colony stimulating factor (G-CSF) \[[@CR22]\].

Experimental NMOSD models are needed to elucidate the underlying pathophysiological mechanisms of this disease and to test candidate therapeutic drugs. Other groups and our group have fully confirmed that intracerebral injection of NMO-IgG and human complement (hC) in mice are sufficient to induce NMOSD-like lesions \[[@CR23]--[@CR26]\].

Tanshinone IIA (TSA, Fig. [1](#Fig1){ref-type="fig"}a), an active natural compound extracted from *Salvia miltiorrhiza* Bunge (Fig. [1](#Fig1){ref-type="fig"}a) \[[@CR27]\], has been clinically used to treat cardiovascular \[[@CR28], [@CR29]\] and cerebrovascular \[[@CR30]--[@CR32]\] diseases. These protective effects were attributed at least in part to its anti-inflammatory properties \[[@CR28]--[@CR31]\]. TSA can accelerate the resolution of inflammation by promoting neutrophil transmigration and apoptosis in zebrafish \[[@CR33]\]. TSA also efficiently ameliorates rheumatoid arthritis in mice by inhibiting neutrophil infiltration and activation and by promoting neutrophil apoptosis in the ankle joints \[[@CR34]\]. Fig. 1TSA administration notably suppresses astrocyte damage in NMOSD lesions at 24 h after brain injection. **a***Salvia miltiorrhiza* Bunge and the chemical structures of TSA. **b** The protocol of the animal experiment. The purple arrow indicates the time point of NMO-IgG and hC injection. The black arrows represent the time points of TSA or vehicle treatment. The red arrow indicates the end point of the animal model experiment. **c** Representative immunofluorescence staining of AQP4 (*top-left*, green) and GFAP (*bottom-left*, red) in TSA- or vehicle-treated mice. **d** Reduction in the area of astrocyte marker immunoreactivity. Vehicle, *n* = 15; pre-TSA, *n* = 15; post-TSA, *n* = 5. \**p* \< 0.05, \*\*\**p* \< 0.001. The data are representative of three independent experiments. One-way ANOVA followed by Tukey's multiple comparison tests was performed

Here, we utilized an NMOSD mouse model to evaluate the effect of TSA on NMOSD and the underlying active mechanism. Our results indicated that prophylactic administration of TSA significantly suppressed astrocyte damage and demyelination in NMOSD mice, and its protective effect was correlated with the degree of neutrophil apoptosis within lesions. We further confirmed that TSA indeed accelerates neutrophil apoptosis under inflammatory stimuli in vitro, and this proapoptotic effect was also observed in human neutrophils. These results suggest that TSA might serve as a prophylactic treatment for human neutrophil-associated inflammatory disorders.

Methods {#Sec2}
=======

Reagents {#Sec3}
--------

TSA (purity: ≥ 97%, catalog T4952), lipopolysaccharide (LPS, purity ≥ 97%, catalog L6143), and DMSO were purchased from Sigma-Aldrich. DyLight 488-conjugate donkey anti-rat IgG (catalog 712-545-153), DyLight 594-conjugate donkey anti-rat IgG (catalog 712-585-153), DyLight 488-conjugate donkey anti-rabbit IgG (catalog 711-545-152), and DyLight 594-conjugate donkey anti-goat IgG (catalog 705-585-147) were obtained from Jackson ImmunoResearch.

Animals {#Sec4}
-------

Adult female C57BL/6 mice, 8--10 weeks of age, were purchased from Beijing HFK Bioscience Co., Ltd. The mice were maintained in standard housing cages under specific pathogen-free conditions. All procedures were approved by the Committee for Research and Animal Ethics of Shaanxi Normal University and were conducted in accordance with the US Public Health Service's Policy on the Humane Care and Use of Laboratory Animals. Investigators involved in pathological staining and analysis were blinded to the experimental groups during the experiments.

Isolation of NMO-IgG {#Sec5}
--------------------

The total IgG from NMOSD patient sera was purified as previously described \[[@CR24], [@CR25]\]. Serum was obtained from five patients (P1--P5) with an established diagnosis of NMOSD and strong AQP4 autoantibody titers (AQP4-IgG titers ≤ 1:100). The clinical details of the patients with NMOSD were previously described \[[@CR24]\]. Patient serum IgG was purified with protein-A resin (GeneScript, catalog: L00210) and eluted with 0.1 M glycine buffer (pH 2.8) and then neutralized in Tris buffer (1.0 M, pH 9.0). Finally, the samples were concentrated using Amicon ultra centrifugal filter units (100 kDa, Merck Millipore, catalog: UFC910008) to obtain NMO-IgG (15 mg/mL). Informed consent was obtained from all participants, and the study was approved by the Shaanxi Normal University Institutional Review Boards and Ethics Committee and was performed in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Induction of mouse NMOSD models and administration of TSA {#Sec6}
---------------------------------------------------------

First, mice in the prophylactic group (pre-TSA, *n* = 20) were administered TSA (736 μg/kg/day, dissolved in PBS with 2% DMSO), and mice in the control group mice (*n* = 20) were administered vehicle (PBS with 2% DMSO) by intraperitoneal injection (i.p.) every 8 h for 3 days (Fig. [1](#Fig1){ref-type="fig"}b). Then, the NMOSD model was induced based on previous studies \[[@CR24], [@CR25]\], and TSA or vehicle was administered by i.p. until 16 h after NMOSD model induction. In addition, therapeutic group (post-TSA) mice were administered an equal dose of TSA at 8 h and 16 h after injection of NMO-IgG plus hC (*n* = 10). Briefly, all animals were anesthetized with 10% chloral hydrate (3 mL/kg, i.p.) and mounted on a stereotactic frame (RWD Life Science). Following a midline scalp incision, a burr hole with a diameter of 1 mm was made in the skull 2 mm to the right of the bregma. A 33-gauge needle attached to a 25-μL gas-tight glass syringe (Hamilton) was inserted 3 mm deep to infuse 6 μL of NMO-IgG and 4 μL of hC (Innovative Research, catalog: IPLA-CSER) in a total volume of 10 μL (at 1 μL/min). After 24 h, the brains were processed into frozen sections.

Immunofluorescence staining {#Sec7}
---------------------------

Brain sections (8 μM) were permeabilized with ice-cold [acetone](http://cn.bing.com/dict/search?q=acetone&FORM=BDVSP6&mkt=zh-cn) for 7 min. After being blocked with 5% BSA (Sigma-Aldrich) in PBS, the sections were incubated with primary antibodies against AQP4 (1:100, rabbit polyclonal antibody, Santa Cruz Biotechnology, catalog: sc-20812), glial fibrillary acidic protein (GFAP, 1:1000, goat polyclonal antibody, Abcam, catalog: ab53554), myelin basic protein (MBP, 1:200, rat monoclonal antibody, clone: 12, Merck Millipore, catalog: MAB1965), CD45 (1:100, rat monoclonal antibody, clone 30-F11, BD Pharmingen, catalog 550539), Ly6G (1:100, rat monoclonal antibody, clone 1A8, BD Pharmingen, catalog 551459), and ionized calcium binding adapter molecule 1 (Iba-1, 1:500, rabbit polyclonal antibody, Wako, catalog 019-19741) at 4 °C overnight. The sections were washed three times with ice-cold PBS and incubated with the corresponding secondary antibody at room temperature for 60 min. Finally, the slides were covered with Fluoroshield mounting medium with DAPI (Abcam, catalog: ab104139). The results were visualized using a fluorescence microscope (Leica DM6000B). Coronal brain sections through the needle tract were selected, and areas were defined by hand and quantified using the ImageJ software (NIH).

Analysis of neutrophil apoptosis in vivo {#Sec8}
----------------------------------------

To analyze the extent of neutrophil apoptosis in the lesions, brain tissues were assessed by terminal deoxynucleotidyl transferase (TdT)-mediated biotin-dUTP nick end labeling (TUNEL) staining using an in situ cell death detection kit (Roche Diagnostics, catalog 11-684-795-910) combined with Ly6G immunofluorescence staining according to the manufacturer's instructions. The results were visualized by a Leica DM6000B fluorescence microscope.

Murine BMNE isolation and culture {#Sec9}
---------------------------------

Murine bone marrow-derived neutrophil (BMNE) isolation was performed as previously described \[[@CR35]\]. Briefly, femurs and tibias were removed and flushed with Hank's balanced salt solution (HBSS) without Ca^2+^/Mg^2+^. The BM cells were suspended in HBSS and overlaid on top of a 2-layer Percoll (GE Healthcare, catalog 17089101) gradient (72% and 65% in HBSS) and then centrifuged at 1200×*g* for 30 min at 25 °C. BMNEs were recovered at the interface of the 65--72% fractions, stained using antibody against APC-CD45 (clone 30-F11, eBioscience, catalog 17-0451-82), PE-Ly6G (clone 1A8-Ly6G, eBioscience, catalog 12-9668-80), Alexa Flour 488-CD11b (clone: M1/70, BioLegend, catalog 101219), and confirmed by flow cytometry (purity = 90.93%, Fig. S[1](#MOESM1){ref-type="media"}a). The neutrophils were washed twice, and then cultured in RPMI 1640 complete medium at 37 °C with 5% CO~2~.

Human primary neutrophil and PBMC isolation {#Sec10}
-------------------------------------------

Primary human neutrophils were obtained from anticoagulated venous blood (treated with EDTA) from healthy volunteers (male, *n* = 2; female, *n* = 3; 24--29 years old) who had not taken any drugs for at least 2 weeks before the experiments. Informed consent was obtained from all participants, and the study was approved by the Shaanxi Normal University Institutional Review Boards and Ethics Committee and was performed in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The blood was used within 2 h of drawing from the donor. Human neutrophils were isolated by density gradient centrifugation (500×*g* for 30 min) using Polymorphprep (Axis-Shield) \[[@CR36]\]. After centrifugation, the upper band of peripheral blood mononuclear cells (PBMCs) and the lower band of polymorphonuclear cells (PMNs) were harvested. Residual of erythrocytes were eliminated using red blood cell lysing buffer (BD Bioscience, catalog 555899) at room temperature for 5 min. Then, the process was ceased by adding RPMI 1640 basic medium, and the mixture was centrifuged at 250×*g* for 10 min at 4 °C. The purity of the isolated neutrophils was \> 99%, as determined by flow cytometry using FITC-conjugated anti-human CD15 antibody (clone: HI98, BioLegend, catalog 301903) staining (Fig. S[1](#MOESM1){ref-type="media"}b). Freshly isolated cells were then cultured in RPMI 1640 complete medium at 37 °C with 5% CO~2~.

Neutrophil apoptosis analysis by flow cytometry {#Sec11}
-----------------------------------------------

Human or murine neutrophils (1 × 10^6^ cells/mL/well) were plated onto 24-well plates and cultured with 100 ng/mL LPS in the absence or presence of TSA (1 μM, 5 μM, and 10 μM) at 37 °C with 5% CO~2~. The cells were harvested at the indicated time points and washed twice with cell staining buffer. Then, the cells were suspended in 500 μL of binding buffer and incubated with 5 μL of APC-Annexin V and 10 μL of propidium iodide (PI) (BioLegend, catalog 640932) at room temperature for 15 min in the dark. Flow cytometry analysis was performed using a NovoCyte flow cytometer (ACEA). At least 3 × 10^4^ events were recorded and analyzed using the FlowJo software (Tree Star). In all analyses, cell debris was eliminated by appropriate forward and side scatter gating.

Western blotting {#Sec12}
----------------

The mice were anesthetized and perfused with 40 mL of PBS. Then, the hemispheres containing the lesions were homogenized in NP40 cell lysis buffer (Thermo Fisher, catalog: FNN0021) containing EDTA-free complete protease inhibitor cocktail tablets (Roche, catalog 11873580001) and a phosphatase inhibitor cocktail (04906845001) at 4 °C.

For in vitro culture cells, neutrophils were harvested at the indicated time points. The cells were washed twice with ice-cold PBS and lysed with NP40 cell lysis buffer containing EDTA-free complete protease inhibitor cocktail tablets and a phosphatase inhibitor cocktail at 4 °C.

Cell lysates were centrifuged at 16,000*g* for 20 min at 4 °C. After centrifugation, the cell lysis supernatant was collected, mixed with SDS loading buffer, and boiled for 10 min. Total protein (30 μg) was resolved on 12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGEs) and transferred to 0.45 μM polyvinylidene fluoride (PVDF) membranes (Merck Millipore) using a wet transfer method. Then, the membranes were washed twice with Tris-buffered saline with 0.05% Tween-20 (TBST) and blocked with 5% skim milk (Difco) for 1 h at room temperature followed by incubation with rabbit anti-phosphorylated p65 (p-p65) polyclonal antibody (1:1000, Cell Signaling Technology, catalog 3033 T), rabbit anti-total p65 (t-p65) monoclonal antibody (1:1000, Cell Signaling Technology, catalog 8242 T), rabbit anti-phosphorylated p38 mitogen-activated protein kinase (p-p38 MAPK) monoclonal antibody (1:1000, Cell Signaling Technology, catalog 9211S), rabbit anti-total p38 MAPK (t-p38 MAPK) monoclonal antibody (1:1000, Cell Signaling Technology, catalog 9212S), rabbit anti-phosphorylated extracellular-regulated protein kinases 1/2 (p-Erk1/2) monoclonal antibody (1:1000, Cell Signaling Technology, catalog 4377), rabbit anti-total Erk1/2 (t-Erk1/2) polyclonal antibody (1:1000, Cell Signaling Technology, catalog 9102), rabbit anti-caspase-3 polyclonal antibody (1:1000, Proteintech, catalog 19677-1-AP), and rabbit anti-β-actin polyclonal antibody (1:1000, Bioss, catalog: bs-0061R) overnight at 4 °C. The membranes were washed three times with TBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:3000, Bioss, catalog: bs-0295G-HRP) secondary antibody. Then, the target proteins were visualized with ECL blotting reagents (GE Healthcare, catalog: RPN2109) by a digital gel image analysis system (Tanon 4600).

Statistical analysis {#Sec13}
--------------------

Statistical analysis was performed using the GraphPad Prism 5.0 software. The values are presented as the mean ± standard error of the mean (SEM). When two groups were compared, the nonparametric Mann-Whitney test was used. One-way analysis of variance (ANOVA) followed by Tukey's posttest was performed to analyze results from more than two groups. A *p* value \< 0.05 was deemed statistically significant.

Results {#Sec14}
=======

TSA administration dramatically decreases astrocyte damage in NMOSD mice {#Sec15}
------------------------------------------------------------------------

To assess astrocyte damage 24 h after brain injection, AQP4 and GFAP immunofluorescence staining was performed. We found extensive loss of AQP4 and GFAP immunoreactivity in the basal ganglia and corpus callosum around the injection site 24 h after intracerebral injection of NMO-IgG and hC (Fig. [1c](#Fig1){ref-type="fig"}). The reduction in the area of AQP4 immunoreactivity was comparable to the reduction in the area of GFAP immunoreactivity in each group (4.47 ± 0.21 mm^2^ versus 4.34 ± 0.23 mm^2^ in vehicle-treated mice, 2.96 ± 0.26 mm^2^ versus 2.67 ± 0.24 mm^2^ in pre-TSA-treated mice, 3.45 ± 0.32 versus 3.35 ± 0.30 in post-TSA-treated mice) (Fig. [1](#Fig1){ref-type="fig"}d). Reactive gliosis was generally observed around the lesion (Fig. [1](#Fig1){ref-type="fig"}c *bottom*). Compared with the vehicle group, the two groups of TSA-treated NMOSD mice had dramatically reduced loss of AQP4 and GFAP, and the pre-TSA group displayed more obvious reduction in AQP4 and GFAP loss than the post-TSA group (Fig. [1](#Fig1){ref-type="fig"}d *right* and Fig. [1](#Fig1){ref-type="fig"}e *right*). These results suggest that TSA has a potent protective effect on astrocytes after NMO-IgG-induced hC activation in the brain, and prophylactic administration seems to be a better strategy than posttreatment.

TSA suppresses demyelination in NMOSD mice {#Sec16}
------------------------------------------

To analyze the alterations in myelin integrity in NMOSD mice upon TSA treatment, we performed MBP immunofluorescence staining of brain tissue. The injection site in all mice displayed disorganized myelinating fibers (Fig. [2](#Fig2){ref-type="fig"}a). The area of demyelination in TSA-treated NMOSD mice was notably reduced compared with that in mice treated with vehicle (from 1.16 ± 0.07 to 0.72 ± 0.10 mm^2^ for pre-TSA or 0.88 ± 0.03 mm^2^ for post-TSA Fig. [2](#Fig2){ref-type="fig"}b). Interestingly, the suppressive effect of TSA on demyelination appeared to be more effective in the prevention group than in the posttreatment group, but there was no significant difference between the pre-TSA and post-TSA groups (Fig. [2](#Fig2){ref-type="fig"}). This finding indicates that TSA may play an important role in maintaining myelin integrity after intracerebral injection of NMO-IgG and hC. Fig. 2TSA administration inhibits the loss of myelination in NMOSD lesions at 24 h after brain injection. **a** Representative immunofluorescence staining of MBP. Lower magnification: *top*. Higher magnification: *bottom*. Yellow line, needle tract; white lines delimit the lesion. **b** Quantification of the extent of demyelination is expressed as the absolute reduction in area (mm^**2**^) of MBP in NMOSD lesions. Vehicle, *n* = 15; pre-TSA, *n* = 15; post-TSA, *n* = 5. \**p* \< 0.05, \*\*\**p* \< 0.001. The data are representative of three independent experiments. One-way ANOVA followed by Tukey's multiple comparison tests was performed

TSA restricts neuroinflammation in the brains of NMOSD mice {#Sec17}
-----------------------------------------------------------

We showed that intracerebral injection of NMO-IgG and hC caused extensive neuroinflammation. High numbers of CD45^+^ cells were observed around the injection site at 24 h after intracerebral injection of NMO-IgG and hC (Fig. [3](#Fig3){ref-type="fig"}a *top*). In addition, we found that neutrophils were the dominant cell type among these inflammatory cells (Ly6G^+^, red; Fig. [3](#Fig3){ref-type="fig"}a *middle*). Compared with mice treated with vehicle, TSA-treated mice exhibited a profound reduction in the number of CD45^+^ cells (Fig. [3](#Fig3){ref-type="fig"}b *top*). Pre-TSA-treated mice also exhibited reduced infiltration of Ly6G^+^ neutrophils (Fig. [3](#Fig3){ref-type="fig"}b *middle*). Furthermore, mild microglia/macrophages (Iba^+^, green; Fig. [3](#Fig3){ref-type="fig"}a *bottom*) activation was observed around the NMOSD lesions, but there were no significant differences in the numbers of microglia/macrophages in the three groups (Fig. [3](#Fig3){ref-type="fig"}b *bottom*). These results suggest that TSA is capable of inhibiting inflammation in the acute stage of NMOSD mice for at least 24 h, and prophylactic TSA administration seems suppress neutrophils inflammation. Fig. 3TSA administration markedly ameliorates neuroinflammation in NMOSD lesions at 24 h after brain injection. **a** Representative immunofluorescence staining of CD45^+^ leukocytes (*top*, red), Ly6G^+^ neutrophils (*middle*, red), and Iba^+^-activated microglia and macrophages (*bottom*, green) in the NMOSD lesion-side hemisphere at 24 h after brain injection. Yellow lines indicate needle tract; white lines delimit the lesion. **b** Inflammatory cells' quantification is expressed as the absolute area (mm^**2**^) \[CD45^+^ leukocytes (*top*) and Ly6G^+^ neutrophils (*middle*)\] or the number of inflammatory cell subsets \[Iba-1^+^-activated microglia and macrophages (*bottom*)\] in the NMOSD lesion-side hemisphere. Vehicle, *n* = 15; pre-TSA, *n* = 15; post-TSA, n = 5. \**p* \< 0.05, \*\*\**p* \< 0.001. The data are representative of three independent experiments. One-way ANOVA followed by Tukey's multiple comparison tests was performed

TSA accelerates recruited neutrophils apoptosis in the brains of NMOSD mice {#Sec18}
---------------------------------------------------------------------------

To clarify whether the protective effect of TSA after injection of NMO-IgG and hC is mediated by promoting the resolution of inflammation, tissues were immunofluorescently stained for TUNEL and the dominant inflammatory cell (neutrophil)-specific marker (Ly6G). We observed that abundant levels of neutrophils were colocalized with TUNEL in NMOSD lesions at 24 h after brain infusion (Fig. [4](#Fig4){ref-type="fig"}a). Interestingly, the frequency of apoptotic neutrophils (Ly6G^+^ TUNEL^+^) was substantially higher in mice pretreated with TSA than in mice treated with vehicle (44.33% ± 2.50% versus 32.29% ± 1.75%; Mann-Whitney test, *p* = 0.0079, *n* = 15; Fig. [4](#Fig4){ref-type="fig"}b). Thus, these results indicate that TSA-induced neutrophil apoptosis is partially responsible for the beneficial effects of TSA on the mouse NMOSD model. Fig. 4TSA promotes apoptosis of recruited neutrophils in NMOSD lesions at 24 h after brain injection. Ly6G and TUNEL immunofluorescence double staining was performed to determine the extent of spontaneous neutrophil apoptosis in NMOSD lesions at 24 h after brain injection. **a** Representative immunofluorescence staining of Ly6G (*top*, red) and TUNEL (*middle*, green). Yellow lines indicate the needle tract; white lines delimit the lesion; purple rectangles indicate magnified field. White arrows indicate apoptotic neutrophils (Ly6G^+^ TUNEL^+^, yellow); purple arrows indicate nonapoptotic neutrophils (Ly6G^+^ TUNEL^−^, red). **b** Quantification of neutrophil apoptosis was defined as the ratio of Ly6G^+^ TUNEL^+^ cells in Ly6G^+^ cells in the NMOSD lesion-side hemisphere (*n* = 15, \*\**p* \< 0.01). The data are representative of three independent experiments. Mann-Whitney tests was performed

TSA induces mouse neutrophil apoptosis via caspase-dependent pathways in vitro {#Sec19}
------------------------------------------------------------------------------

To investigate whether TSA can directly induce neutrophil apoptosis, freshly isolated mouse BMNEs were incubated with increasing concentrations of TSA in the presence of 100 ng/mL LPS for 48 h, and then viability and apoptosis were analyzed by flow cytometry. Annexin V/PI staining showed that the frequency of apoptotic neutrophils was strikingly suppressed in response to inflammatory stimuli (from 34.2 ± 1.0 to 14.4 ± 2.0%), and the life span of neutrophils was prolonged (Fig. S[2](#MOESM1){ref-type="media"}a, b). The addition of TSA to neutrophil cultures potently inhibited LPS-induced neutrophil survival and induced neutrophil apoptosis in a concentration-dependent manner. After incubation with TSA (5 μM and 10 μM) in the presence of LPS for 21 h, the frequency of apoptotic neutrophils was significantly elevated (Fig. [5](#Fig5){ref-type="fig"}a, b). In addition, western blotting further demonstrated that TSA promoted the cleavage of procaspase-3 in a dose-dependent manner (Fig. [5](#Fig5){ref-type="fig"}c, d). Collectively, these data indicate that TSA can promote mouse neutrophil apoptosis under inflammatory conditions via caspase-dependent pathways in vitro. Fig. 5TSA promotes mouse neutrophil apoptosis via caspase-dependent pathways in vitro. Fresh mouse BMNEs (1 × 10^6^ cells/mL/well) were cultured in RPMI 1640 complete medium at 37 °C with 5% CO~2~ and stimulated with 100 ng/mL LPS for 21 h in the absence or presence of TSA (1 μM, 5 μM, and 10 μM). **a**, **b** Neutrophil apoptosis was assessed by flow cytometry after APC-Annexin V/PI labeling. For each condition, 3 × 10^4^ events were recorded within the neutrophil gate. **a** Representative flow cytometry plots showing Annexin-V/PI binding. **b** The apoptosis rate of mouse BMNEs (*n* = 5, \*\*\**p* \< 0.001). **c** Western blotting was performed to analyze procaspase 3 (33 kDa) and cleaved caspase 3 (17 kDa and 19 kDa) expression. **d** Quantification of the relative expression of procaspase 3 and cleaved caspase 3 (*n* = 5, \**p* \< 0.05, \*\**p* \< 0.01). β-actin was used as an internal control. The data are representative of three independent experiments. One-way ANOVA followed by Tukey's multiple comparison tests was performed

TSA also induces human neutrophil apoptosis via caspase-dependent pathways in vitro {#Sec20}
-----------------------------------------------------------------------------------

In human neutrophil cultures, we also observed that inflammatory stimuli (100 ng/mL LPS) could dramatically promote neutrophil survival and suppress neutrophil apoptosis (from 74.3 ± 3.1 to 33.3 ± 0.8%) (Fig. S[2](#MOESM1){ref-type="media"}c, d). After culture with TSA (5 μM and 10 μM) in the presence of LPS for 21 h, the frequency of apoptotic neutrophils was strongly elevated (Fig. [6](#Fig6){ref-type="fig"}a, b *top*). Interestingly, TSA had no significant effect on PBMC viability and apoptosis (Fig. [6](#Fig6){ref-type="fig"}a, b *bottom*). TSA selectively induced apoptosis in neutrophils but not PBMCs. Similarly, western blotting also showed that TSA significantly enhanced the cleavage of procaspase-3 in a dose-dependent manner (Fig. [6](#Fig6){ref-type="fig"}c, d). Taken together, these results suggest that TSA also promotes human neutrophil apoptosis via caspase-dependent pathways in vitro. Fig. 6TSA accelerates human neutrophil apoptosis via caspase-dependent pathways in vitro. Human primary neutrophils and PBMCs (1 × 10^6^ cells/mL/well) were plated in 24-well plates at 37 °C with 5% CO~2~ and stimulated with 100 ng/mL LPS for 21 h in the absence or presence of TSA (1 μM, 5 μM, and 10 μM). **a**, **b** Flow cytometry analysis of cultured neutrophils and PBMCs was performed after APC-Annexin V/PI staining. **a** Representative flow cytometry plots showing Annexin-V/PI binding (human neutrophils, *top*; human PBMCs, *bottom*). **b** Quantification of the rate of apoptotic cells (human neutrophils, *top*; human PBMCs, *bottom*; *n* = 5, \*\*\**p* \< 0.001). **c** The cleavage of procaspase-3 was analyzed by western blotting. **d** Quantification of the relative expression of procaspase 3 and cleaved caspase 3 (*n* = 5, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). The expression of target proteins was normalized to β-actin. The data are representative of three independent experiments. One-way ANOVA followed by Tukey's multiple comparison tests was performed

TSA suppresses activation of the NF-κB signaling pathway in vivo {#Sec21}
----------------------------------------------------------------

To clarify the mechanism of TSA and promote its clinical transformation, it is necessary to evaluate other reported actions of this drug. Previous studies have demonstrated that TSA can inhibit activation of the NF-κB \[[@CR37]--[@CR39]\] and p38 MAPK \[[@CR37], [@CR38], [@CR40]\] signaling pathways. Thus, the expression of key molecules of the NF-κB (p-p65 and t-p65) and p38 MAPK (p-p38, t-p38, p-Erk1/2, and t-Erk1/2) signaling pathways were examined in the lesion-side hemispheres from the three groups by western blotting. We found that the relative level of p-p65 to t-p65 was dramatically reduced in the TSA-treated group compared to the control group, and the pre-TSA group displayed a more obvious effect than the post-TSA group (Fig. [7](#Fig7){ref-type="fig"}a, b). However, the expression of p-p38, t-p38, p-Erk1/2, and t-Erk1/2 was not changed compared to that of the control group (Fig. [7](#Fig7){ref-type="fig"}a, c, d). These results indicate that TSA can inhibit activation of the NF-κB signaling pathway in vivo, which may be related to the therapeutic effect of TSA on NMOSD mice. Fig. 7TSA suppressed activation of the NF-κB signaling pathway. Western blotting was performed to analyze the levels of p-p65, t-p65, p-p38, t-p38, p-Erk1/2, and t-Erk1/2 in the hemispheres containing the lesions from TSA- or vehicle-treated NMOSD mice at the end of the experiment. **a** Representative western blots showing p-p65, t-p65, p-p38, t-p38, p-Erk1/2, t-Erk1/2, and β-actin. **b** Quantification of the expression of p-p65 relative to t-p65. **c** Quantification of the expression of p-p38 relative to t-p38. **d** Quantification of the expression of p-Erk relative to t-Erk (*n* = 5). β-actin was used as an internal control. *n* = 5, \**p* \< 0.05, \*\*\**p* \< 0.001. One-way ANOVA followed by Tukey's multiple comparison tests was performed

Discussion {#Sec22}
==========

Here, we confirmed that neutrophils are the dominant inflammatory cells during the acute phase in relatively early NMOSD model lesions (24 h). TSA can efficiently reduce NMO-IgG-induced damage in the mouse brain, accompanied by an increased frequency of apoptotic neutrophils. These results suggest that the possible mechanisms by which TSA exerts protective effects in this NMOSD model may be by promoting the resolution of inflammation by accelerating neutrophil apoptosis.

To validate the effect of TSA on neutrophils in the NMOSD model, we performed in vitro experiments. We observed that the inflammatory milieu dramatically suppressed neutrophil apoptosis and prolonged the neutrophil lifespan, but TSA partially alleviated this suppression and significantly accelerated apoptosis in primary neutrophils isolated from mouse BM or human peripheral blood. This finding is nearly consistent with a previous finding that TSA can promote the elimination of inflammation by accelerating the process of neutrophil reverse migration and spontaneous apoptosis in a zebrafish sterile injury model \[[@CR33]\]. However, the experimental design and methods used in our study make it difficult to discern whether the reduction in neutrophils is partially caused by reverse migration. This is an important question, and future studies are warranted.

The inflammatory cells recruited into NMOSD lesions mainly include neutrophils, macrophages, and eosinophils, with relatively few T lymphocytes \[[@CR21], [@CR41]\]. During the pathogenesis of NMOSD, these inflammatory cells represent temporal dynamic changes. Neutrophils are the first cell type to be recruited into NMOSD lesions, which occurs only a few hours after intracerebral injection of NMO-IgG and hC \[[@CR21]\]. Within 12 h, there is perivascular complement activation, with the loss of AQP4 and early myelin loss \[[@CR21], [@CR42]\]. By 24 h, neutrophils enter the lesion and accumulate around small vessels \[[@CR21], [@CR42]\], where AQP4 is highly expressed. At the chronic phase (7 days), few neutrophils remain in the lesions, and macrophages dominate and infiltrate extensively into the white matter \[[@CR21], [@CR42]\]. Perivascular eosinophils are also observed at 7 days. However, the role of macrophages and eosinophils in NMOSD lesions is unclear \[[@CR21]\]. For these reasons, 24 h postinjection was selected as the detection time point in the present study.

Neutrophils are the most abundant cell type in the innate immune system and have been implicated in the pathogenesis of NMOSD \[[@CR19], [@CR21], [@CR23]\]. Under physiological conditions, circulating neutrophils have a very short half-life because they constitutively undergo apoptosis and are functionally quiescent \[[@CR43], [@CR44]\]. However, the neutrophil lifespan is dynamically influenced during the course of the inflammatory response and depends on the balance between signals that promote survival and those that accelerate apoptosis \[[@CR45]--[@CR47]\]. After recruitment to injured sites, the lifespan of neutrophils is markedly prolonged by the inflammatory microenvironment, which allows effective phagocytosis and probably causes excessive tissue damage. The ideal result is that neutrophils will undergo spontaneous apoptosis after their physiological function (e.g., elimination of damaged tissue components) has been fulfilled in the injured sites. In contrast to necrosis, apoptosis renders neutrophils unresponsive to extracellular stimuli, prevents the release of toxic constituents, and facilitates their recognition and clearance by macrophages \[[@CR48], [@CR49]\]. Thus, neutrophil apoptosis has emerged as a crucial control point in determining the outcome of the inflammatory response. Blocking neutrophil apoptosis produces persistent inflammation, whereas accelerating neutrophil apoptosis enhances the resolution of inflammation to restrain excessive tissue injury and avoid persistent chronic inflammation \[[@CR44]\].

As a lipid-soluble compound, TSA can penetrate the BBB and enter the brain parenchyma, partially avoiding the difficulty faced by water-soluble drugs. Sucher et al. reported that TSA was detectable in the brain within 5 min of injection, which is almost the same time it was detected in the circulation. In addition, the concentration of TSA in the brain reached a peak at 60 min, decreased slowly over several hours, and was undetectable after 8 h \[[@CR50]\].

Currently, therapeutic strategies for NMOSD mainly focus on limiting the deleterious effects of AQP4-IgG binding \[[@CR51]\], complement activation \[[@CR17], [@CR24], [@CR52], [@CR53]\], IgG production \[[@CR54]\], neutrophil activation \[[@CR21]\], and eosinophil activation \[[@CR55]\]. Thus, screening small molecule compounds to target these deleterious effects will be a potential approach for NMOSD therapy \[[@CR19]\].

Conclusion {#Sec23}
==========

In summary, TSA can act as a prophylactic treatment that reduces NMO-IgG-induced damage in the mouse brain by promoting the resolution of inflammation by inducing neutrophil apoptosis. TSA can also restrict activation of the NF-κB signaling pathway in vivo, which may be involved in the effect of TSA on NMOSD mice. Thus, I believe that further studies are needed to elucidate these mechanisms in the future. Collectively, these findings strongly support the notion that TSA has potent anti-inflammatory functions and may serve as a promising therapeutic agent for human neutrophil-associated inflammatory disorders, such as NMOSD.
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**Additional file 1: Fig. S1.** Purity test for neutrophils isolated from mouse BM or human peripheral blood. **Fig. S2.** Inflammatory stimuli dramatically suppresses neutrophil spontaneous apoptosis.

NMOSD

:   Neuromyelitis optica spectrum disorder

AQP4

:   Aquaporin-4

TSA

:   Tanshinone IIA

GFAP

:   Glial fibrillary acidic protein

MBP

:   Myelin basic protein

CNS

:   Central nervous system

BBB

:   Blood-brain barrier

RRMS

:   Relapsing-remitting multiple sclerosis

IgG

:   Immunoglobulin G

CDC

:   Complement-dependent cytotoxicity

ADCC

:   Antibody-dependent cell-mediated cytotoxicity

hC

:   Human complement

G-CSF

:   Granulocyte-colony stimulating factor

Iba-1

:   Ionized calcium binding adapter molecule 1

BMNE

:   Bone marrow-derived neutrophil

PBS

:   Phosphate buffer saline

HBSS

:   Hank's balanced salt solution

PBMCs

:   Peripheral blood mononuclear cells

PMNs

:   Polymorphonuclear cells

SDS-PAGE

:   Sodium dodecyl sulfate-polyacrylamide gel

PVDF

:   Polyvinylidene fluoride

TUNEL

:   Terminal deoxynucleotidyl transferase (TdT)-mediated biotin-dUTP nick end labeling

PI

:   Propidium iodide

MAPK

:   Mitogen-activated protein kinase

Erk

:   Extracellular-regulated protein kinase

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ye Gong and Ya-ling Zhang contributed equally to this work.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s12974-020-01874-6.

None.

YPY and LJC conceived and designed the experiments. YG, YLZ, ZW, HHS, YCL, AWL, LLT, WLZ, and XLD performed the experimental work. YPY, LJC, YG, YLZ, and ZW analyzed the data. YG, YLZ, ZW, and YF wrote the manuscript. All authors discussed the results. YG and YLZ contributed equally to this work. The author(s) read and approved the final manuscript.

This study was supported by the Natural Science Foundation of China (81571596, 81601044, and 81771279) and the Fundamental Research Funds for the Central Universities (2018TS088, GK201701009, and GK201603110).

Please contact the author for data requests.

All procedures were approved by the Committee for Research and Animal Ethics of Shaanxi Normal University and conducted in accordance with the US Public Health Service's Policy on Human Care and Use of Laboratory Animals.

Not applicable.

The authors declare that they have no competing interests.
